Introduction
Despite a better understanding of disease mechanisms and improved control of important modifiable risk factors, declines in renal function are still inevitable in a substantial proportion of chronic kidney disease (CKD) patients. Traditional and uraemia-related risk factors are not sufficient in explaining renal outcomes in CKD patients. p-Cresyl sulphate (PCS) and indoxyl sulphate (IS) are prototypic protein-bound uraemic toxin molecules. These two retained solutes are not only biomarkers for renal function but also actively participate in the development of diseases [1] . They share various similarities, including their production by gut bacteria [2] , a strong albumin binding at Sudlow II site [3] , significant renal metabolism, low dialytic clearance [4, 5] and an emerging role in cardiovascular disease and mortality in renal patients [6, 7] . The overloading of IS in CKD rats results in glomerular sclerosis and interstitial fibrosis [8] via aberrant genetic expression of TGF-β1, TIMP-1 and Pro-α1 collagen [9, 10] , as well as complex redox alterations [11] . IS may also cause endothelial and vascular dysfunction by promoting vascular smooth muscle cell proliferation [12] through activation of platelet-derived growth factor receptors [12] and mitogen-activated protein kinase pathways [13] . Clinically, IS is associated with increased aortic calcification and vascular stiffness [7] . In contrast, possible deleterious effects of PCS on renal cells have been rarely studied. Previous studies revealed that p-cresol induces endothelial dysfunction [14] and decreases mRNA expression of intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 [15] . However, it is now well known that p-cresol is an artifact that results from PCS sample preparation [16] and both p-cresol and PCS exert different behavioural patterns on the respiratory burst activity of leucocytes [17] . Exposure of human umbilical endothelial cells to PCS results in increased shedding of endothelial microparticles via a Rho kinase-dependent pathway [6] . A high total PCS level is associated with aortic calcification and mortality in both CKD [18] and haemodialysis patients [19, 20] . However, despite the similarities of these two molecules, studies that compare in parallel the contribution of serum PCS and IS levels to renal progression in patients having different stages of CKD are currently lacking.
In the present study, we prospectively evaluated associations between both serum PCS and IS levels and renal progression and all-cause mortality in CKD patients.
Materials and methods

Patient selection and study population
Prevalent pre-dialysis CKD patients who attended an outpatient clinic in the Nephrology Department of Chang Gung Memorial Hospital at Keelung from November 2006 to October 2007 were recruited into the study. The inclusion criteria were adults aged >18 but <80 years old and showed no spontaneous improvement or progression of renal disease in the past 3 months. Patients were excluded from the study if they had cardiovascular disease (coronary artery disease, myocardial ischaemia, cerebrovascular disease or peripheral artery disease) in the past 3 months, infections requiring admission in the past 3 months, uncontrolled hypertension, serum albumin level <2.5 mg/dL or unwillingness to participate in the trial. CKD was defined as having a persistent proteinuria or a decreased estimated glomerular filtration rate (eGFR) <90 mL/min per 1.73 m 2 (determined by abbreviated Modification of Diet in Renal Disease equation) in two separate measurements within an interval of 3 months. In accordance with the NKF/DOQI classification system, these patients were classified into stages I, II, III, IV or V for descriptive purposes. A total of 268 patients were enrolled into the study and gave their informed written consent. This study was in adherence with the Declaration of Helsinki and was approved by the Ethics Committee of the Institutional Review Board at Chang Gung Memorial Hospital.
Study design
All eligible patients were carefully interviewed to identify medical disease and concomitant medications. Twelve-hour fasting blood samples were obtained for determination of serum levels of total PCS, IS, and for standard laboratory parameters. Medical visits and renal function measurements were followed-up prospectively at 3-month, 6-month, 12-month and 24-month intervals, until commencement of dialysis therapy or death. All eligible patients were followed-up until 15 April 2010 for recording of renal progression [defined as reduction of eGFR by 50% or end-stage renal disease (ESRD) requiring dialysis] or death. Composite endpoints of renal progression and/or death were also evaluated ( Figure 1 ). Diabetes mellitus (DM) was defined as a fasting glucose level ≥126 mg/dL or use of any hypoglycaemic medication. Hypertension was considered present if the patient received medical therapy for such a condition or if blood pressure was >140/90 mm Hg.
Baseline measurements
Serum samples were deproteinized by addition of 3 parts methanol to 1 part serum for determination of total IS and PCS. All analyses were per-formed on a Waters Acquity Ultra Performance Liquid Chromatography (UPLC) system (Milford, MA, USA), including binary solvent manager, sampler manager, column compartment and photo diode array detector, connected with Waters Empower 2 software. IS and PCS were detected at 280 and 260 nm. Buffer flow was 0.4 mL/min using 10 mM NH 4 H 2 PO 4 (pH = 4.0) (A) and 100% acetonitrile (B) with a gradient from 82.5%A/17.5%B to 55%A/45%B, over 9 min. Under these conditions, IS and PCS appeared at 1.4 and 1.7 min, respectively [21] . The limits of detection of this assay were 0.225 mg/L for IS and 1 mg/L for PCS. Calibration curves were constructed by plotting the peak areas versus the concentrations of each analysate and had average r 2 values of 0.999 ± 0.001. Quantitative results were obtained and calculated as concentrations (mg/ L). Intra-and inter-assay coefficients of variation relative standard deviation were 0.4 and 0.05% for IS and 5.50 and 7.48% for PCS, respectively. We spiked different concentrations of IS, PC and PCS in serum of healthy individuals (n = 5). The recovery rate was calculated as [(final concentration − initial concentration) / added concentration]. Recoveries were 100.99 and 108.73% for IS and PCS, respectively. Furthermore, parallel comparisons of serum total PCS and IS levels obtained from UPLC and mass spectrometry (MS) in 10 random selected patients did not reveal significant disagreement from Bland-Altman plots (for serum IS, Pitman's test of difference in variance showed r = −0.263, P = 0.493 and for serum PCS, r = −0.765, P = 0.124).
In addition to the demographic and clinical data, calcium (Ca), phosphate (P), intact parathyroid hormone (iPTH), total cholesterol, haemoglobin, high-sensitivity C-reactive protein (hs-CRP), uric acid and albumin were also measured at baseline. Serum creatinine (sCr) was assessed at the above-mentioned time points by spectrophotometric analysis using a modified kinetic Jaffe reaction.
Statistical methods
Descriptive statistics are expressed as means ± standard deviation, median, range or percentage frequency, as appropriate. All variables were tested for normal distribution by the Kolmogorov-Smirnov test. Student's t-tests or Mann-Whitney U-tests were applied to compare means of continuous variables. Categorical data were tested using the Chi-square test. Pearson or Spearman correlation coefficients were used to test correlations between PCS and IS with other variables. Data were log-transformed to approximate normal distributions. Variance Inflation Factor (VIF) calculation was performed to address the issue of collinearity by using principle component analysis. Kaplan-Meier curves were performed to assess renal and overall survival in patients with serum PCS and IS levels above and below the median. Adjusted risk estimates for endpoints were calculated using univariate, followed by multivariate, Cox proportional hazard regression analysis. Hierarchical selection procedures were employed to construct a powerful covariate set for adjustment in the subsequent major hypothesized variables, such as PCS and IS. The inclusion criteria for model selection in a covariate set were predetermined as P < 0.2 according to major statistical packages. The set of covariates with P-values <0.2 for predicting renal progression included albumin, Ca × P product, eGFR, DM and gender. For analysis of all-cause mortality, the hierarchical selected covariates included age, albumin, haemoglobin and hs-CRP. The assumption of proportionality was checked graphically using the complementary log-log plot and was found to be acceptable for the risk factors of interest. Bland-Altman plots were used to test agreement between UPLC and MS. All statistical tests were two-tailed, and a P-value of <0.05 was considered statistically significant. Data were analysed using the SPSS 13.0 software for Windows XP (SPSS Inc., Chicago, IL).
Results
Baseline characteristics of study population Table 1 shows the baseline characteristics of the study population. Serum total PCS levels were significantly higher compared with those of the healthy controls Of all patients, 35 (13.1%) had renal progression and 14 (5.2%) patients died (7 patients from cardiovascular cause, 6 from infection and 1 from liver cirrhosis) during a mean follow-up of 21 ± 3 months. Table 2 shows correlations between serum levels of PCS and IS with eGFR and other important risk factors of renal progression.
Serum PCS/IS and stage of CKD
Baseline serum PCS and IS levels were significantly higher in patients who had renal progression during follow-up compared with non-progressors [serum PCS levels were 10.26 (1.69-36.24) mg/L in progressor patients and 3.97 (<1-42.06) mg/L in non-progressor patients, P < 0.001; serum IS level, 7.62 (< 0.225-53.58) mg/L vs 1.94 (0.29-39.09) mg/L, P < 0.001, respectively]. Table 3 summarizes the hazard ratios (HR) for renal progression and all-cause mortality in the entire study population and in patient subsets divided according to baseline eGFR level as function of serum PCS and IS levels. Higher serum PCS levels were significantly associated with renal 
Primary endpoints
Reduction of eGFR by 50% or progression to ESRD (n = 35) All-cause mortality (n = 14)
Composite endpoints (n = 46) progression [HR, 1.092; 95% confidence interval (CI), 1.060-1.126; P < 0.001] and all-cause mortality (HR, 1.099; 95% CI, 1.053-1.148; P < 0.001) in all patients. A higher serum IS level was associated with renal progression (HR, 1.063; 95% CI, 1.041-1.085; P < 0.001) but not with all-cause mortality. In the subset analysis of patients with different baseline renal functions, these associations remained significant in patients with eGFR <45 mL/min. However, there was no association between either serum PCS or IS with the risk of renal progression or all-cause mortality in patients with eGFR >45 mL/min.
Serum PCS/IS and progression of CKD
A crude analysis found that a serum total PCS level >7.16 mg/L (the median) and a serum total IS level >4.63 mg/L (the median) were associated with renal progression (log-rank P < 0.001; Figures 2A and 3A) . Univariate analysis ( (Table 5) . Serum PCS, analysed as a continuous variable, was independently associated with CKD progression after adjustment for patient demographic characteristics (age, gender and DM, model 1). The pre- Mann-Whiney U-test P-value, progressor vs non-progressor. dictive role of serum PCS remained independently significant after adjustment for its binding protein (albumin, model 2), baseline renal function (eGFR, model 3), IS (model 4a) and other common risk factors for CKD progression (Ca × P product, iPTH, haemoglobin and hs-CRP, model 5). To overcome the possible effects of residual confounding between individual cofactors of various models, a final model of adjustment with a set of covariates (albumin, Ca × P product, eGFR, DM and gender) predetermined by hierarchical selection procedure was used. The high-serum total PCS (HR, 1.036; 95% CI, 1.003-1.083; P = 0.037) was an independent risk factor for renal progression after adjustment of these hierarchical selected covariates (model 6). The analysis of serum IS (as continuous variable) resulted in significant association with CKD progression in the above-mentioned models (model 1, 2, 3, 5 and 6), except for the adjustment of serum PCS (model 4b, Table 5 ).
Collinearity was checked by using principle component analysis with the variables: Ca × P, log iPTH, haemoglobin, log hs-CRP, log PCS and log IS. The multiple correlation coefficient was 0.6 with these selected variables in the model. According to VIF calculation, the value was found to be 2.5 less than a preset critical point for a potential collinearity problem (VIF >10). A further examination of our presented models showed that many of the independent variables were chosen from some of these six variables, which showed no collinearity problem after the analyses. Therefore, there was no significant impact of collinearity phenomena on the instability of the regression model.
Serum PCS/IS and all-cause mortality
Baseline serum PCS and IS levels were also significantly increased in patients that died [serum PCS levels were 12.07 (< 1-42.06) mg/L in deaths and 4.1 (< 1-36.24) mg/L in survivors, P = 0.002; serum IS levels, 4.78 (0.7-12.54) mg/L vs 2.07 (<0.225-53.58), P = 0.05, respectively]. Univariate analysis showed that higher serum total PCS (HR, 1.099; 95% CI, 1.053-1.148; P < 0.001), age (HR, 1.102; 95% CI, 1.036-1.173; P = 0.002), haemoglobin (HR, 0.7; 95% CI, 0.538-0.910; P = 0.008) and albumin (HR, 0.277; 95% CI, 0.118-0.665; P = 0.003) were significantly associated with all-cause mortality in CKD patients. The serum total IS level was not associated with all-cause mortality. Serum PCS, analysed as a continuous variable, remained independently associated with allcause mortality in multivariate Cox regression analysis with different adjustment models ( Table 5 , models 1-5 and 7). Figures 2 and 3 show Kaplan-Meier estimates of all-cause mortality as a function of total PCS and IS levels relative to the median.
Discussion
In the present study, we evaluated associations between total PCS and IS with renal progression and all-cause mortality in patients having different stages of CKD. We found that serum total PCS was associated with renal progression and that this was independent of baseline renal function and other modifiable and non-modifiable risk factors, such as age, diabetes, calcification, anaemia, malnutrition-inflammation and IS. Serum total IS was associated with renal progression; however, this association was lost when serum PCS was present in the analytical model.
Renal disease progression constitutes a troublesome dilemma in clinical practice. Despite proper control of 'classical' and uraemia-related risk factors, a deterioration of renal function is still inevitable in a substantial proportion of patients. The impact of known risk factors has not been adequate for prediction of renal progression. Our study demonstrated for the first time that both PCS and IS may not be only markers for renal function but may also predict disease progression. Baseline renal function and proteinuria are important predictors of subsequent renal progression in both diabetic and non-diabetic CKD patients [22, 23] . In the present study, we prospectively followedup patients having different stages of CKD and included a diversity of common measurable risk factors. Our findings suggest that serum IS and PCS levels are novel predictors of renal progression and that they may provide additional information beyond baseline renal function as well as other traditional and uraemia-related predictors.
Despite a significant association between high-serum PCS and renal progression, the mechanisms of how it promotes disease remain to be elucidated. In vitro, Time (mo) Cum renal survival (censored for death) PCS significantly increased the percentage of leucocytes displaying oxidative burst activity at baseline [17] . PCS also induces a dose-dependent shedding of endothelial microparticles in the absence of overt endothelial damage [6] . These findings indicate that PCS exerts a proinflammatory effect and can alter endothelial function. Although the relationship between PCS and cardiovascular disease and mortality has been evaluated in previous investigations [18, 20, 24] , there is no clinical evidence pointing to an association between PCS and renal pro- Fig. 3 . Kaplan-Meier survival curves in all patients according to serum IS level (above and below the median of 4.63 mg/L); (A) cumulative renal survival (censored for death), log-rank, P < 0.001; (B) cumulative survival, log-rank, P = 0.062; (C) cumulative proportion of patients who did not reach composite endpoints, log-rank, P < 0.001. Model 1 was adjusted for age (1-year increment), male gender and diabetes status. Model 2 was adjusted for serum albumin (1 g/L increments). Model 3 was adjusted for eGFR (1 mL/min increments). Model 4a was adjusted for indoxyl sulphate (1 mg/L increments). Model 4b was adjusted for p-cresyl sulphate (1 mg/L increments). Model 5 was adjusted for Ca × P product (1 mg 2 /dL 2 increments), intact parathyroid hormone (log 1 pmol/L increments), haemoglobin (1 g/dL increments) and hs-CRP (log 1 mg/L increments). Model 6 was adjusted by hierarchically selected covariates of albumin, Ca × P product, eGFR, diabetes status and gender. Model 7 was adjusted for hierarchically selected covariates of age, hs-CRP, albumin and haemoglobin.
gression. Further in vivo or in vitro investigations demonstrating an active role of PCS in stimulating renal disease progression are eagerly awaited.
Detrimental effects of IS on renal progression have been extensively evaluated in experimental and in vivo studies [8, 25] . The present longitudinal study confirmed an association between serum IS and renal progression in CKD patients. However, the predictive power of IS was reduced at high-serum PCS levels. Serum PCS and IS are competitive binding inhibitors for the same albumin binding site (Sudlow site II) [3] . It is unknown whether high-serum levels of PCS and IS also behave as competitive inhibitors at the cellular level. Our findings offer new insights into the different pathogenic mechanisms that link PCS and IS with the genesis of renal disease progression. Further experimental models capable of clarifying the biological role of PCS (in conjunction with IS) should be constructed to confirm our findings.
Our finding of a significant association between serum PCS and all-cause mortality was similar to that of earlier studies [18, 19, 26] . Barreto et al. [7] demonstrated that high-serum IS was associated with vascular disease and mortality in CKD patients. However, this later association was not observed in our patients. We speculate that the number of deaths in our study was not sufficient to form a firm conclusion about mortality.
Both the temporal relationship between serum IS/PCS and renal progression and the prospective design of our study suggest that this association is causal. However, causality cannot be inferred from these data for a number of reasons. Although our small scale study suggested a role for serum PCS and IS in CKD progression, there were limitations of generalizability which included different ethnic groups, observation times, single-centre experiences and unavailability of the free form of toxins. Associations between free solute concentrations and mortality [19] and cardiovascular disease [20] have been well established in haemodialysis patients but these are less clear in CKD patients who have not yet started dialysis. Recently, Liabeuf et al. [18] demonstrated that free PCS is a predictor of mortality in patients at different stages of CKD. However, 65.5% of their patients were in stage 4, 5 or 5D, and onethird of the study population were on dialysis. Previous investigations showed that unconjugated p-cresol is not detectable in normal or pre-dialysis CKD human plasma, and almost 99% of circulating toxins are in their sulphated form [16] , which is the main culprit of tissue damage [17, 18] . Our colleagues recently revealed that the free forms of IS and PCS represent a small fraction (~10%) of the total forms found in the blood of peritoneal dialysis patients. In addition, residual kidney function significantly affects the levels of free and total IS [21] . Since all of our participants were pre-dialysis CKD patients with a mean eGFR of 44.8 ± 32 mL/min, the free forms of IS and PCS were below our detection limit in a large proportion of patients. In spite of good agreement between HPLC and MS as demonstrated by Meijers et al. [24] and by our study, it is still unknown whether MS had a greater ability to detect the free forms in our patients.
Several small interventional studies have demonstrated that AST-120, an orally ingested charcoal adsorbent, reduces IS levels [27] , slows renal progression [28, 29] and delays the initiation of dialysis [30] . Recently, a multi-centre randomized controlled trial having a follow-up time of 1-year found that administration of AST-120 did not delay the occurrence of serious clinical events, such as the doubling of sCr levels, increases in sCr levels >6.0 mg/dL, the need for dialysis or transplantation or death [31] . However, AST-120 slowed the decrease in estimated creatinine clearance during the 1-year trial period. An effect of AST-120 on slowing renal disease progression remains to be demonstrated.
In conclusion, serum IS and PCS levels may help in predicting the risk of renal progression in patients having different stages of CKD beyond traditional and uraemiarelated risk factors including renal function. Additional studies are warranted to elucidate the mechanisms of how IS and PCS affect renal progression and to further develop therapeutic strategies aimed at lowering protein-bound toxins.
